Detailed numerical analysis for dispersion properties and losses has been carried out for a new type of Photonic crystal fiber where the air-holes are arranged in a circular pattern with a silica matrix called as Circular Photonic Crystal Fiber (C-PCF). The dependence of different PCF geometrical parameters namely different circular spacings, air-hole diameter and numbers of air-hole rings are carried out in detail towards practical applications. Our numerical analysis establishes that total dispersion is strongly affected by the interplay between material dispersion and waveguide dispersion. For smaller air-filing fraction, adding extra airhole rings does not change dispersion much whereas for higher air-filling fraction, the dispersion nature changes significantly. With proper adjustment of the parameters ultra-flattened dispersion could be achieved; though the application can be limited by higher losses. However, the ultra-flat dispersion fibers can be used for practical high power applications like supercontinuum generation (SCG) by reducing the loss at the pumping wavelength by increasing the no of air-hole rings. Broadband smooth SCG can also be achieved with low loss oscillating near-zero dispersion fiber with higher no of air-hole rings. The detail study shows that for realistic dispersion engineering we need to be careful for both loss and dispersion.
Introduction
Photonic crystal fibers (PCFs) or microstructured optical fibers (MOFs) [1, 2] are special types of optical fiber where air holes are arranged in a periodic nature in the cladding. These types of fibers possess some novel guiding properties, related to the geometric characteristics of the air holes in their cross-section and have been successfully exploited in different applications [1, 2] . Most of the air holes in the PCFs cladding have been arranged either in a periodic triangular or periodic square orientation. The modal properties, in particular, and the dispersion properties of the above types of PCFs can be altered by varying the hole-to-hole spacing (Λ) and the air hole diameter ( ) with air-filling fraction being /Λ [3, 4] . Both types of PCFs with a silica background can be successfully implemented to compensate the positive dispersion parameter and dispersion slope of the existing inline fibers [3, 4] . These fibers can be engineered for designing ultraflattened near-zero dispersion [5] [6] [7] or can be engineered to have ultranegative dispersion values near the communication wavelength [8] [9] [10] .
Recently, there have been new types of cross-sectional geometry where air holes are arranged in a circular pattern [11] [12] [13] [14] [15] [16] . Photonic Crystal with air holes arranged in circular layer arrangements has been investigated for different applications [11] [12] [13] [14] [15] such as studying thermal properties for electrical driving [11] , high transmission waveguides [12] , high quality factor microcavity lasers with isotropic photonic band gap effect [13] , localization of electromagnetic waves [14] and achieving ultraflat dispersion [15] , and so forth. Argyros et al. [16] realized PCF with circular air holes arrangement with polymer background. Though the above works based on C-PCF demonstrate few researches that have been accomplished, still a detailed guiding and modal properties based on the geometrical parameters of C-PCF with silica background have not yet been explored for its potential applications in the communication wavelength window or infrared (IR) or far-IR applications.
In this work, we have made a detailed numerical analysis of the dispersion and loss property of the C-PCF for the first time. We have considered different circular spacings, air hole diameter, and different numbers of air hole rings ( ). The detailed study will be useful for practical engineering applications where both loss and dispersion play an integral part.
Geometry of the Studied Structure and Modal Analysis
The schematic diagram of the C-PCF is shown in Figure 1 with the air hole diameter as and the radius of the circles, as well as the spacing between the rings, is . The C-PCF, where air holes are arranged in a circle of certain radius is constructed by repeating the circular unit around the core center. The circles have 6 (with = 1, 2, 3, and so forth for first, second, and third rings of air holes) number of air holes in a particular air hole ring. The angular spacing between any two consecutive air holes in a circle can be given by = 360/6 , where = 1, 2, 3, and so forth for first, second, and third layers of the circles forming the cladding cross-section. The structure under investigation is having twofold symmetry ( 2V symmetry). We compare the propagation characteristics of circular-lattice PCF with triangular-lattice PCF for the structural parameters; the pitch "Λ" (hole-to-hole distance of regular triangular-lattice PCF) is found to have the direct equivalence with " " (the radius of the circle and the distance between two consecutive circles). Thus, employing the above analogy under the same air hole diameter , /Λ (the airfilling fraction) for triangular PCF can be compared with / of C-PCF. Another important geometrical parameter is air-filling fraction . The corresponding value for triangularlattice PCF is
, whereas for the C-PCF the value comes out to be ∘ ≈ (6 2 )/(8 2 ) ≈ 0.75( 2 / 2 ). So C-PCF is having an airfilling factor which is 82% compared to that of triangular lattice PCF. With the lower index of the air-filled cladding and the higher index of the silica fiber core (the center air hole being missing), the propagation modes can exist due to the modified total internal reflection (TIR) mechanism in this type of PCF structure. The modal fields are calculated using CUDOS MOF utilities [17] that simulates PCFs using the multipole method [18, 19] . The validity and efficiency of the method has already been established [18, 19] . The numerical calculations, namely, dispersion parameter ( ) and losses ( ), are calculated with MATLAB. The guiding properties of the C-PCF have been studied in the following section by taking into consideration of the various combinations of radius of the circle and air hole diameter. We discuss the modal properties in the subsequent sections as follows.
Propagation Characteristics: Results and Analysis
PCFs, with the ability to change their different geometrical parameters, possess the unique and attractive applications like dispersion tailoring [3] , endlessly single-mode operation [20], and higher nonlinearity [21] which are not achievable in standard silica fibers. Controllability of waveguide dispersion in PCFs is an important issue for applications of optical communications, dispersion compensation, nonlinear applications, and so forth. The dispersion property for PCFs with regular triangular lattice and square lattice can be controlled by varying the and Λ [3, 4] . Similarly, for C-PCF, the dispersion can be controlled by varying the radius of the circle and air hole diameter and number of air hole rings ( ). We have calculated the dispersion parameter ( ) of the structures through
Here Re[ eff ] is the real part of the effective indices obtained from the simulation, and is the velocity of light in vacuum.
The confinement loss for the structures has been calculated through
where Im( eff ) is the imaginary part of the effective indices (obtained from the simulations) and in micrometer. The chromatic dispersion of the background silica material has been taken into account through Sellmeier's equation.
Dispersion Properties.
We studied the dispersion and loss property of the C-PCF for a broad wavelength range from 0.8 m to 2.8 m. Figure 2 shows the dispersion property taking into consideration equal air hole diameter (we have taken it to be 0.80 m), for different values of circular spacing ( ) with = 3. The figure shows that for smallest values of the radius of the circle ( = 1.50 m) the dispersion property is oscillating in the whole wavelength range and few numbers of zero-dispersion wavelengths can be found. As we increase the value of , the oscillating nature gradually disappears. Instead, a monotonically increasing nature of the dispersion could be found out. This typical nature of the dispersion can be explained on the basis of the interplay between the material dispersion and waveguide effect upon the dispersion. For smaller values of , the waveguide nature dominates, which results in an oscillating nature of the dispersion. The figure clearly indicates that the smaller the values of the radius of the circle, the larger the magnitude of oscillation. For all cases of , for smaller wavelength the dispersion values are always negative. This is because of the fact that, for smaller values of wavelength, the material dispersion is so negative that the waveguide dispersion just cannot compensate the material one. This characteristic justifies that for smaller wavelengths all the dispersion tends towards the material one.
Ultraflat Dispersion and Its Dependence
Upon . An interesting observation that follows by observing from Figure 2 is that, for = 2.40 m, the dispersion value is almost flat (average value of 13.5 ps/nm/km around 1.65 m of wavelength) over a long wavelength range (from 1.38 m to 1.91 m, i.e., wavelength band of almost 530 nm) with the dispersion oscillation of 0.35 ps/nm/km. For = 4,without changing the other design parameters, we could observe that the oscillation increases to 1.75 ps/nm/km (with wavelength band of 880 nm) with the average = 8.25 ps/nm/km around 1.61 m as shown in Figure 3(a) . With the same parameter, the flatness reduces (i.e., the oscillation increases) with the dispersion oscillation of 3.3 ps/nm/km and 4.5 ps/nm/km for = 5 and = 6 as shown in Figures 4(a) and 5(a) , respectively. However, we could achieve flat dispersion with . This type of dispersion properties (oscillating near zero ultraflat dispersion PCF) is becoming an excellent candidate for broadband smooth supercontinuum generation (SCG) [22, 23] where flatness of the spectrum strongly depends on the dispersion nature [24] . Another interesting fact that can be observed from the dispersion figures is the presence of an almost " independent dispersion". For the " independent dispersion" wavelength moves towards smaller wavelengths and then shifts to higher wavelength. However, the particular wavelength remains little perturbed with the change of .
Loss of the Structure and Its
Dependence. For the above discussed almost flattened dispersion cases, the corresponding losses around C-band of wavelength are found out to be approximately 4, = 5, and = 6 as shown in Figures 2(b) , 3(b), 4(b), and 5(b), respectively. So, though we might be getting a flattened dispersion PCF, the design will not be suitable for practical applications as the losses are very high. However, for high power nonlinear applications like SCG and so forth, the pump wavelength is the wavelength of zero dispersion wavelength (ZDW) [24, 25] . For all the above cases, the values of ZDW come out to be 1.120 m, 1.132 m, and 1.134 m and 1.136 m, respectively. The corresponding losses around these wavelengths are 3.60 × 10 2 dB/m, 6.25 × 10 1 dB/m, 1.06 × 10 1 dB/m, and 1.81 dB/m, respectively. As high power nonlinear applications like SCG require even less than a meter long of the fiber [25] , practical applications of the designed fiber are feasible especially with = 6 and with = 2.6 m as shown in Figure 5 6 respectively. The above data shows that applications like broadband smooth SCG (where only a meter long of the fiber is required) are possible with = 6 and with = 2.3 m. The above results imply that the losses can be reduced by increasing , but the dispersion nature will not remain the same. So to design a proper practical design we need to be careful for both the loss and dispersion. Similar to the case of independent dispersion, another interesting fact that can be observed is the presence of " independent loss" which is more prominent. The wavelength for " independent loss" with 3 air hole rings comes out to be 1.79 m, and the range for this wavelength is even less than 0.02 m. the " independent loss" wavelength gets red-shifted with the increase of . Throughout the above designs we have considered the confinement losses of the structure; however, the sources of losses in MOFs can be limited by some other factors like structural imperfections, Rayleigh scattering, and absorption which are not affected by the geometrical losses.
Effect of Air Hole Diameter ( ).
In this section we will be discussing the effect of change of air hole diameter upon dispersion for a fixed value of circular spacing. Figure 5 shows the dispersion and loss characteristics for different values of air hole diameter keeping (=1.50 m), and (=3) constant. Figure 6 in dispersion curves increase with air hole diameter. For = 0.90 m, the oscillation amplitude becomes 250 ps/nm/km, whereas, for the smaller values of = 0.60 m the amplitude of oscillation reduces to 30 ps/nm/km. These typical characteristics can be explained by considering the interplay between material dispersion and waveguide dispersion. For higher values of air hole diameter the waveguide dispersion dominates, whereas for smaller values of air hole diameter, material dispersion takes over the total dispersion. It is interesting to note that the value of max for a particular circular radius increases with the increase of air hole diameter. This is an important finding as the dispersion can be tailored according to the engineer's requirement for specific applications. The losses for the above-studied structures are presented in Figure 6 (b). The loss gets reduced with the increase of air hole diameter as the mode becomes tightly confined.
Effect of Number of Air Hole Rings ( ).
In the following section, we discuss the effect of change of . For this purpose we have subdivided the analysis into two sections. In the first case, we discuss the effect for smaller values of air-filling fraction such that material dispersion dominates the total dispersion and for this obvious reason we will not be having any local maxima in our dispersion curve. The effect has been shown in Figure 7 . The dispersion decreases as is increased as clearly shown in Figure 7 (a). The difference between successive dispersion curves of two MOFs decreases as increases, as shown in Figure 7 (c). This figure clearly shows that the dispersion almost converges, when is increased. This convergence depends upon the operating wavelength. The larger the wavelength, the higher the convergence, as shown in Figure 7(c) . The graph clearly indicates that for = 1.55 m the limit is almost achieved, whereas for smaller wavelength ( = 1.20 m) the convergence is yet to reach its limit even with = 8. This factor is different to that of regular triangular PCF [3] . The losses with higher , say for 8 rings, are still higher as shown in Figure 7(b) .
We now switch to the second case, where we have considered higher air-filing fraction so that we are having oscillating nature in the dispersion characteristics. For this purpose, we have considered = 1.55 m with = 0.6 m. With the increase of , the oscillation amplitude increases and the negative dispersion value also increases as shown in Figure 8 (a). This is due to the increasing effect of waveguide dispersion in the total dispersion. The losses for the above cases are presented in Figure 8 (b), which clearly shows that the performance respect losses improve with the increase of air hole rings. The above influence can be explained on the basis of the mode confinement. When the mode is well confined to the core, an additional air hole ring is not going to change the modal properties drastically, whereas for the reverse case for a loosely bound mode an additional air hole ring is going to affect its modal properties significantly and we can expect the field pattern associated with the mode to converges with the increase of air hole ring.
Conclusion and Discussion
We carried out a detail numerical analysis of the dispersion and loss characteristics of a new type of photonic crystal fiber where air holes are arranged in a circular pattern. Influence of different geometrical parameters, namely, the circular spacing, air hole diameter, and number of air hole rings has been carried out in detail. Total dispersion is strongly affected by the interplay between material dispersion 8 ISRN Optics and waveguide dispersion. For smaller air-filing fraction, adding extra air hole rings does not change dispersion much whereas, for higher air-filling fraction, the dispersion nature changes significantly. With proper adjustment of the available parameters, ultraflat dispersion (dispersion fluctuation of 0.35 ps/nm/km around 1.65 m) for a broad wavelength band could be achieved, though the practical applications around C-band are limited due to the higher loss. However, for high power applications like SCG and so forth where less than a meter of the fiber is sufficient, the ultraflat dispersion fiber will be suitable with the low loss at the first ZDW. We also achieved small oscillating ( = 0 ± 8.2 ps/nm/km) nearzero dispersion, and the design will be helpful for broadband smooth SCG (where only a meter long of the fiber is required) as the loss at the first ZDW comes out to be 0.95 dB/m. It has been shown that, for increased number of air holes, the dispersion tends to saturate. The saturation is sensitive for different wavelengths, and the saturation improves at higher wavelengths. The detailed study shows that for realistic dispersion engineering, we need to be careful for both the loss and dispersion.
